Variable expressivity and incomplete penetrance are common for numerous mutations. In most cases the reasons behind these phenomena remain obscure. Caused by the insertion of a murine retrotransposon into intron 6 of the Axin locus, the Axin Fu mutation induces alternative splicing and ultimately leads to abnormal tail development in mice. In this investigation RNase protection assay was used to investigate the potential connection between alternative splicing with the expressivity and penetrance of the mutant allele. The results reported here con®rm previous observations that alternative splicing occurs in mRNA transcribed from the mutant Axin Fu allele. However this investigation also shows that lower levels of alternative splicing commonly take place in the wild type transcript. Correlation analysis reveals a signi®cant connection between tail abnormalities and the ratio of correct to alternatively spliced mRNAs. Overall this paper demonstrates that higher levels of alternatively spliced mRNAs correlate with stronger expression of the mutant trait.
Introduction
It is commonly accepted that the majority of observed mutations demonstrate variable expressivity and incomplete penetrance. However, in most cases the causes of these widespread phenomena are unknown, and explanations usually suggest that dierences in genetic background and environment are the major contributors. To further address the issues of variable expressivity and incomplete penetrance, mRNA pro®les were studied in mice carrying the mutant Axin Fu allele. In addition to other developmental abnormalities, this mutation shortens tail length due to kinking that results from vertebral fusions (Reed, 1937; Ruvinsky et al., 1991) . The Axin gene is located proximally on chromosome 17 and encodes a component of the Wnt signalling pathway, an important regulator of embryonic axis formation in mammals (Zeng et al., 1997; Hart et al., 1998) . The mutant Axin Fu allele results from the insertion of an intracisternal-A particle (IAP), a murine retrotransposon within intron 6 of the Axin gene (Vasicek et al., 1997) . Transcripts from the mutant allele are not always spliced alternatively, somewhere within intron 6 or the IAP insertion, but can also undergo correct splicing.
It has been suggested that mutation of the Axin Fu allele leads to the fused phenotype through a gain-offunction eect (Ruvinsky et al., 1991) , possibly by encoding a competing form of Axin protein (Hsu et al., 1999) . Furthermore the Axin Fu allele is also involved in gene conversion-like events, which in turn lead to mosaicism resulting in an unusual pattern of inheritance for the mutation (Ruvinsky et al., 2000 (Ruvinsky et al., , 2001 .
The expressivity and penetrance of this mutant trait varies signi®cantly depending on genetic background and the direction of reciprocal crosses (Ruvinsky & Agulnik, 1990) . Using RNase protection assay (RPA), the relative amounts of wild and alternatively spliced Axin mRNAs produced by dierent genotypes were measured. This information was utilized to determine whether variations in mRNA pro®les correlate with expressivity and penetrance of the mutant allele. Currently there are indications that alternative splicing may occur in approximately 35% of mammalian genes (Brett et al. 2000) , indicating the signi®cance of this project. mice were crossed to tf/tf mice. The resulting ospring were used in the following crosses. 
PCR ampli®cation
Genomic DNA was isolated by phenol/chloroform extraction from 0.5 cm tail cuttings following overnight digestion with proteinase K. Multiplex reactions consisted of primer P23 (5¢ cggagctattccgagaacg 3¢) which is speci®c for exon 6, G245.R1 (5¢ gaccagagcccaagaaaaaccc 3¢) which targets intron 6, and IAP-F (5¢ gcgcatcactccctgattg 3¢) which anneals the LTRs of the IAP insertion in the Axin Fu allele. The ®nal MgCl 2 concentration was 1.5 mM M.
RNase protection assay
RNA was prepared from kidney samples using the RNaqueous RNA extraction system (Ambion). The probe used for the RNase protection assay was generated using the Thermoscript RT-PCR system (Life Technologies) with primers P1 (5¢ ttccgagaacgcaggcaccac 3¢) and P3 (5¢ cccaggacgctcgatggacaag 3¢) described in Vasicek et al. (1997) ; cDNA was cloned into pBluescript II using the TA cloning strategy (Marchuk et al., 1991) .
Antisense RNA probe was transcribed from the cDNA template cloned in pBluescript II using the Maxiscript transcription system (Ambion). RNase protection assays were performed with the RPAIII system (Ambion). Assays were electrophoresed on a 5% polyacrylamide gel and exposed to Biomax MS autoradiography ®lm (Kodak) with an intensifying screen at )80°C overnight.
Gel analysis
Autoradiographs from the RPAs were digitally captured using the Ultra-Violet Products (UVP) gel documentation system GDS 7600 with GRAB GRAB-IT IT annotating software (v. 2.55). Quanti®cation of the bands was performed using PHORETIX PHORETIX 1D standard gel analysis software (v. 3.01; AGP Technologies) incorporating the rubber band method of background subtraction.
Statistical analysis
Microsoft Excel was used to perform the standard statistical analyses including calculation of mean values, standard deviations and correlation coecients.
Results
The genotypes of all mice studied were con®rmed by PCR analysis of the Axin locus. The recessive mutation tufted, which is tightly linked to the Axin gene, was used as a genetic marker to aid in genotyping (Belyaev et al., 1981) . Segregation data obtained from the studied crosses were similar to those observed in previous investigations (Ruvinsky & Agulnik, 1990) . The level of penetrance of the Axin Fu mutation varied signi®cantly between the crosses (cross 1 » 88%, cross 2 » 24%, cross 3 » 45%). Furthermore the expression of tail abnormalities was noticeably dierent between reciprocal crosses 1 and 2. In cross 1 the majority of heterozygotes (Axin Fu +/+tf ) expressed varying degrees of tail deformities including shortening, nodes and kinking. Typically mice that expressed a mutant phenotype in crosses 1 and 3 had considerably shortened tails of around 40±50 mm in length (Tables 1 and 2 ), being about half that expected for wild type mice. In contrast, in most cases heterozygotes from cross 2 developed a tail phenotype that was close to normal.
The IAP insertion in intron 6 led to the Axin Fu mutation, which in turn causes alternative splicing (Vasicek et al., 1997) . Accordingly, the primary aim of this investigation was to determine if there is a connection between the level of wild and alternatively spliced RNAs with expressivity and penetrance of the mutant trait. To accomplish this, nine phenotypically normal Axin Fu +/+tf mice were selected from cross 1 along with 10 Axin Fu +/+tf mice with strong mutant phenotypes. In both cases a near equal number of males and females was used. In cross 2, mice with a strong mutant phenotype were lacking and almost all studied Axin Fu mice developed tails that were barely dierent from normal. The mean tail length for mice that expressed slight tail abnormalities was 89 mm and the mean for mice that did not develop visible malformations was 93 mm. Correspondingly, there were no dierences in the mean values of the amount of correct (0.66±0.63) and alternative (0.24±0.24) RNA transcripts between the two groups that were barely distinct in phenotype. Thus comparisons were impossible in cross 2 and the data were not used for further analysis. From cross 3 we selected nine Axin Fu +/Axin Fu + mice that displayed a strong mutant phenotype, again with near equal representation of males and females. As weak expression of the Axin Fu phenotype is rarer in homozygotes, we used all ®ve available PCR genotyped mice from cross 3 that expressed a weak phenotype (three females and two males). One +tf/+tf mouse was sampled for each cross as a control.
To investigate the relative levels of wild type and alternative transcripts in all sampled mice, RNase Protection Assay (RPA) was employed ( Fig. 1A) with an antisense RNA probe transcribed from a cDNA template (Fig. 1B) . This probe was used originally to determine that alternative splicing was prevalent in Axin Fu transcripts (Vasicek et al., 1997) . Three protected fragments were observed in both hetero-and homozygotes (Fig. 1C) . The expected 286 bp RNA fragment (band 1) corresponded to fulllength, correctly spliced, wild type mRNA. This protected fragment included part of exon 6, all of exon 7 and part of exon 8. Two close migrating alternatively spliced fragments of 238 bp and 234 bp, bands 2A and 2B, respectively, were also found (Fig. 1C) . Whereas the 238 bp fragment was anticipated, the smaller 234 bp fragment was not expected and the exact nature of this protected fragment (band 2B) is unknown. Unexpectedly wild type mice, in addition to a fully protected, correctly spliced mRNA, also displayed bands 2A and 2B (Fig. 1C, lane 3) . However the density of the alternatively spliced mRNA fragments from wild type mice was noticeably lower (Table 1) .
The densities of the three protected mRNA fragments were compared and for every individual sample, measurement of each band was adjusted as a fraction of the sum of the densities of all three bands ( Analysis revealed a signi®cant correlation between tail length and the relative densities of band 1 and 2A in homo-and heterozygotes (Table 2) . A few conclusions can be drawn from this observation. Firstly, there is a signi®cant positive correlation (0.55±0.62) between tail length and the amount of wild type Axin transcript (band 1) in both Axin Fu +/Axin Fu + and Axin Fu +/+tf. Secondly, there is a negative correlation ()0.41 to )0.54) between tail length and the amount of alternative transcript (band 2A) in both compared genotypes. In homozygotes this correlation was just short of being statistically signi®cant. These negative correlations indicate that competition may exist between the Axin proteins produced by wild and alternatively spliced mRNAs. Accordingly this suggests that the ratio between correct and alternatively spliced mRNAs may be an essential factor in expression of the mutant phenotype.
Discussion
This investigation was aimed at determining whether the ratio between wild type and alternative transcripts correlated with expressivity and penetrance of the Axin Fu mutation. Essentially this study was devoted to narrowing the gap in the current understanding of the pathway leading from genotype to phenotype, in carriers of the Axin Fu allele. Although the data presented in this paper con®rm alternative splicing in the Axin Fu gene, as previously reported (Vasicek et al., 1997) , several pieces of additional information were found. It was shown that alternative splicing occurs in wild type mice, although to a lesser degree than that observed for Axin Fu transcripts. The RPA approach does not provide information beyond the region of protection, hence it is not possible to indicate whether the alternatively spliced mRNAs from wild and Axin Fu alleles were identical or whether they were the products of dierent alternative splicing events.
Most importantly, an inverse relationship between tail length and the levels of correctly and alternatively spliced mRNA was observed in Axin Fu heterozygotes and particularly in homozygotes. Collectively the data demonstrate that this shift in the levels of wild and mutant mRNAs correlates with expressivity and eventually penetrance of the mutant allele.
Although a connection between mutations and alternative splicing has been established, there is little data concerning the involvement of alternative splicing in variable expressivity and incomplete penetrance of mutations. However it has been shown that among cystic ®brosis suerers with a particular genotype, the severity of the disease depends on the levels of correct and alternatively spliced mRNA transcripts (ChibaFalek et al., 1998) . In another example, low penetrance of the retinoblastoma-predisposition gene (RB1) may be caused by alternative splicing that leads to the production of a less severely disrupted protein (Onadim et al., 1992) . Finally, extreme variation of phenotype in suerers of familial adenomatous polyposis (FAP) has been attributed to alternative splicing, speci®cally within the adenomatous polyposis coli (APC) gene. However, in this case et al., 1999) . It is known that the major morphogenetic events responsible for vertebral development in mice occur in the embryo between the 9th and 10th days of development (Beddington, 1987) . Though the Axin protein is detected around the same stage of development (Zeng et al., 1997) , dierences in tail structure are not observed earlier than 12±13 days after fertilization. Furthermore, weak abnormalities may develop much later, even 7±10 days after birth. Thus it is not possible to study putative connections between alternative splicing and tail phenotype during the critical stage in early develop-ment. For this reason only adult mice were used in this initial study.
Our data reveal that the ratio between wild and alternatively spliced mRNAs and the corresponding proteins may be critical in the determination of tail phenotype. Hence it is likely that competition between the dierent forms of Axin protein ultimately determines tail phenotype. It is suggested that once the amount of protein translated from alternatively spliced transcript exceeds a particular level, a morphogenetic barrier may be overcome, causing tail development to deviate from the normal pathway. Accordingly the ratio of competing proteins would establish a threshold for development of the mutant character, thus determining expressivity and penetrance. Assuming this scenario, one may expect that a mouse may occasionally appear which does not have the mutant allele but develops noninheritable tail abnormalities resembling the classical fused phenotype.
One case was found where the relative densities of bands 1 and 2A were almost equal in mice with weak (cross 3) and strong (cross 2) tail abnormalities, respectively (Table 2 ). This observation may not appear to ®t well with the explanation proposed in this paper, but it must be taken into consideration that the genetic background of these two groups was not identical. Particularly, the proportion of alleles inherited from the +tf/+tf stock diers signi®cantly in crosses 1 and 3. For this reason it was decided to use comparisons only within a group of mice with the same genotype and age to eliminate possible eects of genetic background.
The correlation data (Table 2) show that the ratio of alternative and correctly spliced mRNAs contributes around 50±60% to the overall determination of tail phenotype. It is likely that variation in genetic background and environmental factors may aect the frequency and severity of tail abnormalities in mice carrying the Axin Fu allele. Drastic dierences in expressivity and penetrance observed between reciprocal test crosses are typical for the Axin Fu mutation and support this view. Fu are unknown, the alternative transcript described here represents only one possibility. 3. Antisense RNA probe transcribed from the cDNA template T3 promoter. Area of hybridization between probe and target indicated by dashed lines. 4. Double stranded hybrids protected from RNase digestion. When the antisense probe hybridizes wild type transcript, it protects a full length 286 bp fragment, being the sum of the regions of exons 6, 7 and 8 covered by the probe. When the antisense probe hybridizes an alternative transcript where exon 6 is no longer adjacent to exons 7 and 8, the probe protects a 238-bp fragment, being the sum of exons 7 and 8 only. A 48-bp fragment is also expected from the alternative transcript representing a protected fragment from exon 6 only (not shown). B. Sense strand of the cDNA template used for transcription of probe in RPA. Standard font, 3¢ portion of exon 6 (48 bp); underlined, the entire exon 7 (171 bp); italic, 5¢ portion of exon 8 (67 bp 
